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Review of dynamic characterization research of high power IGBTs and

their combinations under multiple time scales
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(National Key Laboratory of Science and Technology on Vessel Integrated Power System, Naval University of Engineering, Wuhan 430033, China)

Abstract; Based on demand of multiple time scale dynamic characterization of power electronic devices and their combination, the recent

research progress and achievements on the widely used full-control power electronic devices—IGBTs ( insulated gate bipolar transistors ), were

analyzed systematically, including the multiple time scales electro-thermal modeling of high power IGBTs and their combinations, quantitative

failure evaluation methods based on the multiple time scales model and the assisted multi-rate simulation method. Furthermore, applications of the

models were introduced in power electronic instruments design. In conclusion, the dynamic characterization method of high power IGBTs and their

combinations under multiple time scales were presented from four aspects of modelling method, reliability evaluation, simulation method and

application design, which can bring theoretical and technical support of power electronic devices to precise design of power electronic hybrid

system.

Keywords: insulated gate bipolar transistor; multiple time scales; electro-thermal transient modeling; quantitative failure characterization;

multi-rate simulation
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IGBT heat transfer model using in ms-level thermal simulation
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IGBT turn off under large current
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Fig.24  Simulation and testing results of equivalent circuit of

the three parallel power units in the IGBT module
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Fig.26  Variation of threshold voltage with fatigue time
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fatigue under different collector emitter voltage
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Fig.28 Variation of turn off time with fatigue time

under different voltage and current

035
0.30 . . v
i v.
0.25 ! by v’
J HELET20% Y
ST SO A V—— T
o H ¢ i o
i& o1s| b Pl ,I”hl
L a ? '
< # ’ ‘v/.!' ;
or0f Lo gt :
IR L ® 7100 C
005 M 4 ; L 7=90C
v ' ! o
Y L AT=80C
0.00 & ' P Y70 C
"l L | ! - )
0 50 100 150 200 250 300 350
X108

Ny

K129 A[F)SL b 8 TR A TE P

W ) - AR PR U AL A I 25

Fig.29 Variation of junction-to-case thermal resistance

with power cycles under different temperature swings
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Fig.35 Multi-rate simulation in SiC diode surge
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Fig.36  Equivalent circuit of diode and snubber circuit

FRE 9292 500V, i A2 A 15 1) 26 42 ia A7 L e
Bl S8 T R A B R R A

L/ V
E i TR E 5 4 0-+0.SHIERIE3 000 VIREIFE | {5000
6 000
4500
=
~ "
& 4000
K
=
2 3500
o
b
< 3000
%%?%% 100 S0 2500
=/ 50 : | @
2 - 50 W
0 0 x&gﬂ\&‘%

Bl 37 RS R QIR S R AL
Fig. 37 Voliage peak variation of diode with

snubber parameters

3000,
i A SR L R
344453105 - T B REEHEPSpice i KLU
23000 o8
A
20007 1y 36982107
| 1:2073.438
Z 15000 | N ]
A ' | \
= " ! |
1000 | E
- 4 :
500 | ! :
0 o' 1=

6 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 45
HE/ s X107
(a) MALHT:Rs =100 Q,C, =30 nF
(a) Before optimization: Ry =100 Q,Cs =30 nF

4 000
el B R S
ssob 0 L el — R PSpice f KU

X:1.3939X107* :A

3000 y:2722.8096

2500} - ‘ {
1X:1.403 0X107]
> 2000 17:2506.8103 |
g { 1 i
2 1500 ': V‘—'
1 000/
500} ) {
| {
0{FEsEsssassasEs sseessaeaaan
—500 -
0 05 10 15 20 25 30 35 40 45 50
e /s X107

(b) fifb)E :Rs =39 Q,C5 =110 nF
(b) After optimization; Ry =39 Q,Cs =110 nF

K38 R TT OGRS e H ORI 0y I S X L
Fig.38 Simulation and testing results of

transient voltage peak of diode



56 1]

&S ORI IGBT ffF ML & 22 i) RUBE 2l ) 2 R AR S 255k - 123 -

4.2 ETFHERAOMRMHET

IGBT 28 4: ()  AE 2 5 Bl e I v 1) o 2 [
R, B SRR RS SRS B T A
BT ENIE SSEE o) P (S ni e S
RS RESHZ BN E LR, 456 Z 0
RGP AL, P21 1T —Fh 5 T 451 i )
Wit X R G2 i ifeit ik,

DAEAHE AR B R 5] IGBT JFOCH 3 55 5
(4 kHz) , FF 56 JA 0 P B 45 18 0% shd /0N, Bir AR
TR L5 TR TN AR X AT 47 07 2 647 05 B 43 A,
4 Fn . TEPRIEY AR E R T T, D8/ NEK )
HLBEL, J2 R AR A5 1 25 T L B 8 2he B 808 1 A R0
o A5 3 BT % 1 aH T i S5 IR A 4s
TSN KSR, an &l 39 B

R4 FREEHTHRERALSBRITATR
Tab.4  Parameter optimization of device junction

temperature in a propulsion converter

UES YRS LR O

BESsR/C S5 Bs/C

1 R,.,=3,R;=3.5 109.7 13.0
2 R, =3,R,=3.0 105.6 12.1
3 R, =2,R;=3.0 98.2 10.0

POTIERAER S AL gy BT TR, BOR
np 40 R PLAE)E 9 IGBT d e 45 iR A 25 R
BB HAFEN TR AN

SR, ARG 9 TGBT 5 f v 45 i Al
SEAR BN 73 BN 30% F1 41 % , XA a5

PERNZF fir S Ty B2 Bl
5 #ig

BT P AR LG 2 R R B 2435
MET7k, AR AR B R TR TR R SR S

110

100}
o
= AT=13.0°C T, =1097 T
4
)
60+
50F
40— T
0 50 100 150 200 250 300 350 400 450 500
il /s

(a) HEALR:R,, =3 Q,R,+=3.5Q
(a) Before optimization:R,,, =3 Q,R,;=3.5Q

100

W0
80
©
~ o o
g 70 ATJ_ZIO.O C ijax:98.2 C
4
)
60
501
40 N . N . N . N " N
0 50 100 150 200 250 300 350 400 450 500
il /s

(b) A5 R, =2 Q,R,;=3 Q
(b) After optimization:R,,, =2 Q,R,; =3 Q

K139 URsH B AL TS IGBT Z5ikatT MUt

Fig.39 IGBT junction temperature at

different driver resistors

g/ C

AT=32.0 C

T,,=141.0 C

501l . . . R
0 50 100 150 200 250

ks
(a) fLALHT

(a) Before optimization

m/c

2

7. =98.5T

jmax

AT=19.0 C

409 50 100 150 200 250
e /s

(b) Hfes

(b) After optimization

K40 HERBZh A4 Y IGBT 45 AALACR

Fig.40 IGBT junction temperature of a mobile converter

IR RS (ORI R XL, 106 1 B0 28 2
WA S, BT 4R IR K A o A B
P



124 -

e AN o 4

5543 &

1) Zo k] RUBE g FA R 2 LS B 1 4R 1 A

GFD AP L PR P T SR AR, S S R T S
PR E ARG B BT SR A A L

2) FeF g AE 2 ) RO AR L, al LS B g 1

RIS BT A RE PR R R o 1) R 2 B 4R T, $R T T
1 B E A ]S A K

3) ZHARGTEI N, AR RS S 2

P[] FROBE R4 14 77 0 TR A, Ay i 7 052 PR A
BOHR AR AT ETBL

SR, B T HL T 2 I R RO Bl g 2

FAEJE T AT ) AL S B AR 2 —,
WG T —E MR . JRERE SRR A R
M AER R Z TG SIS R G R 223
JE AL LA R A S T 00 e A B AT PR AL A5 T
T, {EAF AR SE TR A

2 % 3Tk ( References )

(1]

SHENG K, WILLIAMS B W, FINNEY S J. A review of

IGBT models[ J].
2000, 15(6) : 1250 - 1266.

LUO Y F, XIAO F, LIU B L, et al.
transient electrothermal model of high-voltage press-pack
IGBTs under HVdc interruption [ J ]. IEEE Transactions on
Power Electronics, 2020, 35(6) : 5660 —5669.

o, BRC, B K, S BRI E R IGBT i Bk R
T[], EHERAR, 2018, 44(2) ; 448 —455.

PU Jing, LUO Yifei, XIAO Fei, et al. Improved transient
model for high voltage IGBT []].
2018, 44(2) : 448 —455. (in Chinese)

EW, BB, XNEAL, S WAL R IGBT bR
HOERILT). U TH AR, 2017, 32(12) ; 50 -5,
WANG Bo, LUO Yifei, LIU Binli, et al.
mathematical model of IGBT [ J].
2017,

IEEE Transactions on Power Electronics,

A physics-based

High Voltage Engineering,

Transient
trench field-stop
Transactions of China Electrotechnical
32(12): 50 —57. (iin Chinese)

LI X, LUO Y F, DUAN Y Q, et al. A lumped-charge model
for high-power PT-p-i-n diode with a buffer layer[ J]. IEEE
Journal of Emerging and Selected Topics in Power Electronics,
2019, 7(1): 52 -61.

LUO Y F, XIAO F, WANG B, et al. A voltage model of p-i-n
diodes at reverse recovery under short-time freewheeling[ J].
IEEE Transactions on Power Electronics, 2017, 32 (1):
142 - 149.

RIRHE, BRCK, XUTAL, . & T R e iy 2L
B9 IGBT /rBrBe St B (], mf IR, 2020, 46(8) -
2806 -2814.

ZHU Qingxiang, LUO Yifei, LIU Binli, et al. Piecewise transient
model of IGBT suitable for complex circuit simulation [ J].
High Voltage Engineering, 2020, 46(8) : 2806 —2814. (in
Chinese)

LY S I CS CRE Nk SIS T CEA DN 1
BB L) JFRRE SRS [T]. B THORER,
2017, 32(12): 16 -24.

SHI Bochen, ZHAO Zhengming, JIANG Ye, et al. Multi-

time scale transient models for power semiconductor devices

Society,

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(part I; switching characteristics and transient modeling) [ J ].
Transactions of China Electrotechnical 2017,
32(12): 16 —=24. (in Chinese)

MA K, BLAABJERG F. Multi-timescale modelling for the

loading behaviours of power electronics converter [ C ]//

Society,

Proceedings of IEEE Energy Conversion Congress and
Exposition, 2015 ; 5749 - 5756.

LIU B L, XIAO F, LUO Y F, et al. A multi-timescale
prediction model of IGBT junction temperature [ J]. TEEE
Journal of Emerging and Selected Topics in Power Electronics,
2019, 7(3): 1593 - 1603.

WANG H, LISERRE M, BLAABJERG F. Toward reliable power
electronics: challenges, design tools, and opportunities [ J ].
IEEE Industrial Electronics Magazine, 2013, 7(2) : 17 - 26.
BASLER T, PFAFFENLEHNER M, FELSL H P, et al.
Switching ruggedness and surge-current capability of diodes
using the self-adjusting p emitter efficiency diode concept[J].
IET Circuits, Devices & Systems, 2014, 8(3); 205 -212.
EW, BA%, B, G5 IGBT HUEd SF AR AT [T].
THAR2EH, 2011, 26(8) : 145 —150.

WANG Bo, HU An, TANG Yong, et al. Analysis of voltage
breakdown characteristic of IGBT[ ] ].
Electrotechnical Society, 2011, 26 (8): 145 - 150. (in
Chinese)

I, BRK, IR, . IGBT M FRIUIFE 5B HLEL 43
PriT]. B THE AR, 2016, 31(12): 135 —141.

WANG Bo, LUO Yifei, ZHANG Shuo, et al. Analysis of

limiting power dissipation and thermal failure mechanism[J].

Transactions of China

Transactions of China Electrotechnical Society, 2016,
31(12): 135 —=141. (in Chinese)
CZERNY B, LEDERER M, NAGL B, et al. Thermo-

mechanical analysis of bonding wires in IGBT modules under
operating conditions[ J]. Microelectronics Reliability, 2012,
52(9/10) ; 2353 -2357.

PEDERSEN K B, KRISTENSEN P K, POPOK V, et al.
Micro-sectioning ~ approach  for quality and reliability
assessment of wire bonding interfaces in IGBT modules[ J].
Microelectronics Reliability, 2013, 53 (9/10/11) . 1422 -
1426.

JIAY J, HUANG Y L, XIAO F, et al. Impact of solder
degradation on VCE of IGBT module:
modeling[ C]// Proceedings of IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2019: 1.
HUANG Y L, DENG H F, LUO Y F, et al.

mechanism of die-attach joints in IGBTs under low-amplitude

experiments and

Fatigue

temperature swings based on 3D electro-thermal-mechanical
FE simulations [ J ].
Electronics, 2021, 68(4) : 3033 —3043.

RICCIO M, CARLI M, ROSSI L, et al. Compact electro-
thermal modeling and simulation of large area multicellular
Trench-IGBT [ C ]//Proceedings of the 27th International
Conference on Microelectronics, 2010: 379 —382.
HINGORA N, LIU X Y, FENG Y F, et al. Power-CAD: a

IEEE Transactions on Industrial

novel methodology for design, analysis and optimization of
power electronic module layouts [ C]//Proceedings of TEEE
Energy Conversion Congress and Exposition, 2010; 2692 —
2699.

GAO B, YANG F, CHEN M Y, et al
gradient-based potential defects identification method for IGBT

A temperature

module[ J|. IEEE Transactions on Power Electronics, 2017,



56 1]

&S ORI IGBT ffF ML & 22 i) RUBE 2l ) 2 R AR S 255k

- 125 -

[24]

[25]

[27]

(28]

[31]

[32]

[33]

[34]

32(3): 2227 -2242.

DENG E P, ZHAO Z B, LIN Z K, et al.
temperature on the pressure distribution within press pack
IGBTs[ J]. IEEE Transactions on Power Electronics, 2018,
33(7): 6048 —6059.

OZKOL E, BREM F, LIU C L, et al. Enhanced power
cycling performance of IGBT modules with a reinforced emitter
contact [ J ]. Microelectronics Reliability, 2015, 55 (6) .
912 -918.

WU R, TANNUZZO F, WANG H, et al. An Icepak-PSpice

co-simulation method to study the impact of bond wires fatigue

Influence of

on the current and temperature distribution of IGBT modules
under short-circuit [ C ]//Proceedings of IEEE Energy
Conversion Congress and Exposition, 2014 ; 5502 - 5509.
BIBEA, WK, BUMESE, 4% MPS 45 SiC A I B
B R ORI S T AT LT ] P E AL AR
#2, 2019, 39(19) ; 5585 —5594, 5886.

JTA Yingjie, XIAO Fei, DUAN Yaoqiang, et al. Field-circuit
coupling modeling and multi-rate electro-thermal co-simulation
analysis of merged PiN Schottky SiC diode[ J]. Proceedings of
the CSEE, 2019, 39 (19):. 5585 - 5594, 5886. ( in
Chinese)

JIA'Y J, XIAO F, DUAN Y Q, et al. PSpice-COMSOL-
based 3-D electrothermal-mechanical modeling of IGBT power
module[ J]. TEEE Journal of Emerging and Selected Topics in
Power Electronics, 2020, 8(4) : 4173 —4185.

BRYANT A T, PALMER P R, SANTI E, et al. Review of
advanced power device models for converter design and
simulation [ C ]// Proceedings of IET-UK International
Conference on Information and Communication Technology in
Electrical Sciences, 2007 1 - 6.

RV, TGBT itk iy “URp @M P52 [ D], dbat:
RS B, 2012,

ZHANG Peng. Research on the electrical modeling method of
IGBT module [ D]. Beijing: Graduate University of Chinese
Academy of Sciences, 2012. (in Chinese)

Bofss, DR, &, 5. KINE IGBT J X 4 #AR T
MAEMERF S @B B LR (1], mE EH A, 2019,
45(7) : 2062 -2073.

DUAN Yaogiang, LUO Yifei, XIAO Fei, et al. Review of
non-quasi static modeling method in the base region of high
power IGBT[ J]. High Voltage Engineering, 2019, 45(7) .
2062 —2073. (in Chinese)

HEFNER A R, DIEBOLT D M. An experimentally verified
IGBT model implemented in the Saber circuit simulator[ J].
IEEE Transactions on Power Electronics, 1994, 9 (5):
532 -542.

KRAUS R, MATTAUSCH H J. Status and trends of power
semiconductor device models for circuit simulation[ J]. IEEE
Transactions on Power Electronics, 1998, 13 (3). 452 -
465.

SHENG K, FINNEY S J, WILLIAMS B W. A new analytical
IGBT model with improved electrical characteristics [ J ].
IEEE Transactions on Power Electronics, 1999, 14 (1)
98 —-107.

COTOROGEA M. Physics-based SPICE-model for IGBTs with
transparent emitter [ J |. IEEE Transactions
Electronics, 2009, 24(12) . 2821 -2832.
NIKIFOROV A F, UVAROV V B. Special functions of
physics [ M ]. MA .

on Power

mathematical Boston, Birkhiiuser

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Boston, 1988.

PALMER P R, SANTI E, HUDGINS J L, et al. Circuit
simulator models for the diode and IGBT with full temperature
dependent features [ J ]. IEEE Transactions on Power
Electronics, 2003, 18(5): 1220 —1229.

XUE P, FU G C, ZHANG D. Modeling inductive switching
characteristics of high-speed buffer layer IGBT [ J]. IEEE
Transactions on Power Electronics, 2017, 32 (4 ). 3075 -
3087.

STROLLO A G M. A new SPICE model of power P-I-N diode
based on asymptotic IEEE
Transactions on Power Electronics, 1997, 12(1) . 12 -20.
IANNUZZO F, BUSATTO G. Physical CAD model for high-
voltage IGBTs based on lumped-charge approach[J]. IEEE
Transactions on Power Electronics, 2004, 19 (4). 885 -
893.

DUAN Y Q, XIAO F, LUO Y F, et al. A lumped-charge
approach based physical SPICE-model for high power soft-
punch through IGBT [ J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2019, 7(1): 62 -70.
WANG L, LUO Y F, JIA Y J, et al. The quantitative

relationships between mismatched parameters and dynamic

waveform evaluation [ J ].

imbalanced current during IGBT turn-on[ C]//Proceedings of
IEEE 3rd International Electrical and Energy Conference,
2019 16 -21.

TZOU Y Y, HSU L J. A practical SPICE macro model for the
IGBT[ C]//Proceedings of IECON 19th Annual Conference of
IEEE Industrial Electronics, 1993 . 762 —766.

PREAM, $hBl, SCRE, %5 —Fb b K 2) % IGBT bk
FroRRT]. W LEORSER, 2017, 32(4) : 25 -34.
CHEN Yulin, SUN Chi, AI Sheng, et al. The medium-
voltage high power IGBT module behavior model [ J ].
Transactions of China 2017,
32(4) .25 -34. (in Chinese)

BLAABJERG F, PEDERSEN J K, SIGURJONSSON S, et al.

An extended model of power losses in hard-switched IGBT-

Electrotechnical ~ Society,

inverters[ C]//Proceedings of the IEEE Industry Applications
Conference Thirty-First IAS Annual Meeting, 1996 1454 —
1463.

WA, 28, VL&, 5. rr i IGBT JF S0 e i 38t £ il
ZEMZE TN [T]. AL THEOR 24, 2013, 28(2): 239 -
247.

CHEN Na, LI Peng, JIANG Jian, et al.
network prediction on medium and high voltage IGBT
[J1 China
Electrotechnical Society, 2013, 28 (2): 239 - 247. (in
Chinese)

ST, WG, e, . E TR AT ) IGBT
BRI T]. P E AL TR 2= 4, 2010, 30(9): 1 -7.
DENG Yi, ZHAO Zhengming, YUAN Ligiang, et al. IGBT
model for analysis of complicated circuits[ J]. Proceedings of
the CSEE, 2010, 30(9) : 1 —=7. (in Chinese)

TRIEW], B, JR, AF. 3T L IGBT ##
Yegr S BORpTFE ()], iiaEdie, 2016, 14(3) : 28 -37.
XU Yanming, ZHAO Chengyong, ZHOU Fei, et al. Research
on IGBT module transient model for circuit simulation[ ] ].
Journal of Power Supply, 2016, 14 (3). 28 - 37. (in
Chinese)

MBS, EAFE, HAR, %. IGBT JF KBRS SLI i A
RL]. WETRREYR, 2017, 29(1) : 18 -23.

Genetic neural

switching  performance Transactions  of



- 126 -

e AN o 4

5543 &

[48]

[53]

[55]

LIN Chengmei, WANG Gongbao, WANG Guangsen,
Real-time simulation model of IGBT switching transient[ J].

2017, 29(1):

et al.

Journal of Naval University of Engineering,
18 —=23. (in Chinese)

XA, R, B K, & EH TR RGN
FLH IGBT BRI T ], W THOAR 24, 2017, 32(13)
1 -13.

LIU Binli, LUO Yifei, XIAO Fei, et al. IGBT thermal model
for thermal simulation of device to system[ ] ].
China Electrotechnical Society, 2017, 32(13) .
Chinese)

LUO Y F, XIAO F, WANG B, et al.
power electronic devices and their applications under extreme
conditions [ J |.
2016, 2(1): 91 - 100.

PREA. KA EIARHL - #0E R IGBT AL SC W

Transactions of

1 -13. (in

Failure analysis of

Chinese Journal of Electrical Engineering,

FEHRIEIERATTEL D] AU WK%, 2019,
CHEN  Yuxiang.  Turn-off behavior and short-circuit

ruggedness of high-power trench gate/field-stop IGBTs[ D ].
Hangzhou; Zhejiang University, 2019. (in Chinese)
WSO MR T Gl i PR 2 T SRR 43T [ D] I
#: BFRHER, 2014,

YANG Wentao. The analysis of the reliability of the junction
termination for IGBT[ D]. Chengdu;
Science and Technology of China, 2014. (in Chinese)

LU J, TIAN X L, LU S J, et al. Dynamic avalanche behavior
of power MOSFETs and IGBTs under unclamped inductive
switching conditions [ J]. Journal of Semiconductors, 2013,
34(3): 034002.

BENMANSOUR A, AZZOPARDI S, MARTIN J, et al. Turn-
off failure mechanism analysis of punch through trench IGBT

University of Electronic

under clamped inductive switching operation [ C ]//
Proceedings of European Conference on Power Electronics and
Applications, 2007 1 - 10.

LEFRANC P, PLANSON D, MOREL H, et al.

the dynamic avalanche of punch through insulated gate bipolar

Analysis of

transistor ( PT-IGBT) [ J]. Solid-State Electronics, 2009,
53(9): 944 —954.
RAHIMO M, KOPTA A, EICHER S, et al. A study of

“«GSCM "
protection feature in high voltage IGBTs[ C]//Proceedings of

switching-self-clamping-mode as an over-voltage

the 17th International Symposium on Power Semiconductor

Devices and IC, 2005 67 —70.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

GEISSMANN S, MICHIELIS L. D, CORVASCE C,
Extraction of dynamic avalanche during IGBT turn off[ J].
Microelectronics Reliability, 2017, 76/77 ; 495 —499.
HUANG H, MAWBY P A. A lifetime estimation technique
for voltage source inverters[ J ].
Electronics, 2013, 28(8) : 4113 —4119.

RFIES, whar, XI8, S BT 4B RS G A BT T
1 IGBT 2 R0 R B R E DR ST [J]. M T HORE 4,
2011, 26(7) : 242 -246.

ZHENG Libing, HAN Li, LIU Jun, et al. Investigation of the
temperature character of IGBT failure mode based on 3D
thermal-electro coupling FEM [ J ].
26 (7):

et al.

IEEE Transactions on Power

Transactions of China
Electrotechnical Society, 2011, 242 - 246. (in
Chinese)

XEAL, XIPER, 5,
BRIV E e ek T TR
49(4) . 36 -38.

LIU Binli, LIU Dezhi, TANG Yong, et al.
research of threshold voltage based on the gate fatigue
mechanism of IGBT[J]. Power Electronics, 2015, 49(4)
36 —38. (in Chinese)

XEEAL, Bk, PRCE, TR AR R IGBT
TR S Wy B [T]. LR %4k, 2017,
32(16) . 183 - 193.

LIU Binli, XIAO Fei, LUO Yifei,

health condition monitoring method of IGBT based on collector

&5 T IGBT A% 55 HL LAY
B TR, 2015,

Reliability model

et al. Investigation into the

leakage current [ J]. Transactions of China Electrotechnical
Society, 2017, 32(16) : 183 —193. (in Chinese)

MR, PR, AL, A SERHZE AR AT IGBT g4 44
TR Zm [J]. &l KR, 2018, 44 (5):
1499 - 1506.

XIAO Fei, LUO Yifei, LIU Binli, et al. Influence of voids in
solder layer on the temperature stability of IGBTs[J]. High
Voltage Engineering, 2018, 44 (5). 1499 - 1506. ( in
Chinese )

Fig#, 8%, HEN, & =8P A2 i
W RC WS BRI bt (], R H
A, 2021, 47(1): 159 —168.

WANG Haichao, FAN Xuexin, YANG Guorun, et al. Multi-
objective optimization design of RC snubber of rectifier diodes
for three-level phase-shifted full-bridge converter[ J]. High
Voltage Engineering, 2021, 47 (1): 159 - 168. (in
Chinese)



